The Gram-negative bacteria cell wall component lipopolysaccharide (LPS) is considered as the most potent activators for macrophages. LPS-activated macrophages produces an array of proinflammatory cytokines such as tumor necrosis facto-a (TNF-a), interleukin (IL)-1b, IL-6 and other inflammatory mediators, such as nitric oxide (NO) and prostaglandin E 2 (PGE 2 ) as well as matrix metalloproteinases (MMPs). [1] [2] [3] [4] [5] MMPs are a family of zinc requiring endopeptidases that play an important role in the turnover of extracellular matrix (ECM). Among them, MMP-2 and MMP-9 (92 kDa gelatinase) are capable of degrading basement membrane proteins. Various inflammatory cells such as macrophages, mast cells, lymphocytes, eosinophils and neutrophils produce and/or releases MMP-9 by LPS and other inflammatory mediators, such as TNF-a, IL-8, and granulocyte colony-stimulating factor. [6] [7] [8] Over expression or inappropriate expression of MMP-9 may contribute to the pathogenesis of conditions such as atherosclerosis, inflammation, tumor invasion and metastasis, rheumatoid arthritis, and periodontal disease.
The Gram-negative bacteria cell wall component lipopolysaccharide (LPS) is considered as the most potent activators for macrophages. LPS-activated macrophages produces an array of proinflammatory cytokines such as tumor necrosis facto-a (TNF-a), interleukin (IL)-1b, IL-6 and other inflammatory mediators, such as nitric oxide (NO) and prostaglandin E 2 (PGE 2 ) as well as matrix metalloproteinases (MMPs). [1] [2] [3] [4] [5] MMPs are a family of zinc requiring endopeptidases that play an important role in the turnover of extracellular matrix (ECM). Among them, MMP-2 and MMP-9 (92 kDa gelatinase) are capable of degrading basement membrane proteins. Various inflammatory cells such as macrophages, mast cells, lymphocytes, eosinophils and neutrophils produce and/or releases MMP-9 by LPS and other inflammatory mediators, such as TNF-a, IL-8, and granulocyte colony-stimulating factor. [6] [7] [8] Over expression or inappropriate expression of MMP-9 may contribute to the pathogenesis of conditions such as atherosclerosis, inflammation, tumor invasion and metastasis, rheumatoid arthritis, and periodontal disease. 9) It has been well established that MMP-9 induction is regulated by the transcription factor, nuclear factor-kB (NFkB). 10, 11) Inactive NF-kB is located in the cytoplasm by the inhibitor protein inhibitor of kB (IkB). When stimulated with any of a variety of stimuli, such as LPS, TNF-a, IL-1b and cellular stress, IkB is degraded and then NF-kB is translocated from the cytosol to the nucleus, and binds to its cognate DNA binding sites. 12) LPS-stimulated macrophages activate several intracellular signaling pathways, including the NF-kB pathway and three of the mitogen-activated protein kinases (MAPKs) pathways such as extracellular signalregulated kinase (ERK) 1 and 2, c-Jun N-terminal kinase (JNK) and p38. 12) Several lines of evidence have demonstrated that LPS also regulates MMP-9 expression via the MAPK signaling pathway. 13, 14) Saururus chinensis (S. chinensis) has been traditionally used since long for the treatment of edema, jaundice, gonorrhea, pneumonia, and several inflammatory diseases. Previous published studies on the chemical nature of S. chinensis have reported a content of more than 20 lignans. 15, 16) Isolated tetrahydrofurans protect against cell adhesion, 17) inflammation, 18, 19) hypercholesterolemia, 20) and sepsis. 21) Sesquinelignans such as saucerenol D inhibited the LPS-induced iNOS expression by blocking NF-kB activation. 22) Previously, we had reported on isolation of compounds that protect against sepsis from this plant along with four new lignans including saucerneol G (SG) and their topoisomerase inhibitory activity. 23) During the study of SG on anti-inflammatory effect using RAW264.7 cells, SG showed the MMP-9-inhibitory activity. However, the underlying mechanisms in the inhibitory activity of SG on MMP-9 induction in LPSstimulated macrophage cell line RAW264.7 cells have not been elucidated till date.
Thus, in this study, we evaluated the effects of SG on LPSstimulated MMP-9 induction and confirmed its mode of action on the RAW264.7 cells. SG suppressed NF-kB activation through the inhibition of IkB degradation and MAPKs phosphorylation, which in all probability regulates MMP-9 related acute or chronic inflammation or other inflammatory diseases. Cell culture RAW264.7 cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD, U.S.A.) and cultured at 37°C in 5% CO 2 /95% air in DMEM containing 10% fetal bovine serum (FBS), 100 U ml/l penicillin, and 100 mg/ml streptomycin. In all experiments, cells were grown to 80-90% confluency and subjected to no more than 20 cell passages Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)/Immunoblot Analysis RAW264.7 cells were plated on 24-well plates (5ϫ10 5 cells/well) or 6-well plates (1ϫ10 6 cells/well) and preincubated with SG for 30 min before being incubated with LPS for 24 h. The cells were then washed and scraped into cold phosphate-buffered saline (PBS) and centrifuged at 500ϫg at 4°C. The cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 5 mM ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, 0.5% Nonidet-40, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1% NP40, 0.5% protease inhibitor cocktail (Merck, Darmstadt, Germany), 1 mM DTT, 1 mM NaF, 1 mM Na 3 VO 4 ) and centrifuged to yield whole-cell lysates. The proteins (30 mg of RAW264.7 lysates) were then separated via 10% SDS-PAGE and transferred to nitrocellulose membranes in 20% methanol, 25 mM Tris, and 192 mM glycine (Schleicher and Schull, Dassel, Germany). The nitrocellulose membranes were then blocked via incubation in TTBS (25 mM Tris-HCl, 150 mM NaCl, and 0.2% Tween 20) containing 5% nonfat milk. The membranes were subsequently incubated with a variety of antibodies overnight, washed, and finally incubated for 1 h with a secondary antibody conjugated to horseradish peroxidase. The protein bands were then visualized with an ECL system (Amersham Biosciences, Piscataway, NJ, U.S.A.).
Saucerneol G, a New
Zymography Gelatin zymography was performed as previously described with some modifications. 24) 7.5% Gelatin-SDS-polyacylamide gel (acrylamide/bisacrylamide, 29.2 : 0.8; 0.1% gelatin) was prepared. RAW264.7 cells were pre-incubated for 30 min with various concentrations of SG and stimulated with LPS (200 ng/ml) at 37°C for 24 h in medium. Then the supernatants were mixed with a sample buffer (62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, and 0.00625% (w/v) bromophenol blue) and loaded without boiling in Gelatin-SDS-polyacylamide separating gel. After electrophoresis, the gels were sub-merged for 1 h in 2.5% (v/v) Triton X-100 to remove SDS, and then incubated for 24 h at 37°C in the incubation buffer (50 mM Tris-HCl pH 7.5, 10 mM CaCl 2 0.01% NaN 3 ) to allow proteolysis of the gelatin substrate. The gels containing negatively brightened bands corresponding to activity were strained with Coomassie Brilliant blue R-250 (Bio-Rad, Richmond, CA, U.S.A.) and molecular weights were estimated via prestained SDS-PAGE markers.
Transient Transfection and Luciferase Assay RAW264.7 cells were seeded into 24-well plates (5ϫ 10 5 cells/well) and allowed to grow to 50-70% confluence. The pNF-kB-luciferase plasmid was transfected with Lipofectamine Plus TM reagent (Invitrogen, Carlsbad, CA, U.S.A.) in accordance with the manufacturer's instructions. The cells were pretreated for 1 h with various concentrations of BDB and were stimulated for 6 h with 200 ng/ml of LPS. The cells were then collected and disrupted via sonication in lysis buffer (25 mM Tris-phosphate, pH 7.8, 2 mM EDTA, 1% Triton X-100, and 10% glycerol) and the cell lysates were assayed for luciferase activity with a luminometer (Promega) in accordance with the manufacturer's instructions. Nuclear Extracts and Electrophoretic Mobility Shift Assay (EMSA) Nuclear extract was prepared essentially as described elsewhere. 22) Cultured RAW264.7 cells were collected by centrifugation, washed and suspended in a buffer containing 10 mM N-(2-hydroxyethyl)piperazine-NЈ-2-ethanesulfonic acid (Hepes) (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM ethyleneglycol bis(2-aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT) and 0.5 mM PMSF. After 15 min on ice, the cells were vortexed in the presence of 0.5% Nonidet NP-40. The nuclear pellet was then collected by centrifugation and extracted in a buffer containing 20 mM Hepes (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT and 1 mM PMSF for 15 min at 4°C. EMSA were performed using a gel shift assay system kit (Promega, Madison, WI, U.S.A.) according to the manufacturer's instructions. Briefly, double-stranded oligonucleotides containing the consensus sequences for NF-kB (5Ј-AGTTG-AGGGGACTTTCCCAGGC-3Ј) were end-labeled with [g-32 P] ATP (3000 Ci/mmol; Amersham Pharmacia Biotech) using T4 polynucleotide kinase and used as probes for EMSA. Competition was performed using the unlabeled NFkB oligonucleotides. Nuclear extract proteins (2 mg) were preincubated with the gel shift binding buffer (4% glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM dithiothreitol, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5), and 0.05 mg/ml poly-deoxyinosine-deoxycytosine) for 10 min, then incubated with the labeled probe for 20 min at room temperature. Each sample was electrophoresed in a 4% nondenaturing polyacrylamide gel in 0.5X TBE buffer at 250 V for 20 min. The gel was dried and subjected to autoradiography.
Statistical Analysis All values were represented as an arithmetic meanϮS.D. One-way ANOVA was used to determine the statistical significance.
RESULTS

Structure of SG and Cytotoxicity to RAW264.7 Cell
We first measured the cytotoxicity of SG (Fig. 1A) on RAW264.7 cells by an MTT assay. SG did not demonstrate any significant effect on cell viability at concentrations up to 40 mM (Fig. 1B) . Therefore, SG levels from 10-30 mM were selected for subsequent experiments.
Inhibitory Effect of SG on MMP-9 Induction in LPSStimulated RAW264.7 Cells To investigate the effect of SG on MMP-9 induction, RAW264.7 cells were preincubated with different concentration of SG for 30 min and the cells were further incubated for 24 h in medium LPS in with or without SG. Results showed that LPS markedly stimulated MMP-9 induction, but in unstimulated RAW264.7 cells, MMP-9 release was very weak. As shown in gelatin zymography assays (Fig. 2) , SG selectively suppressed the LPS-stimulated MMP-9 induction in a dose-dependent manner, but not to the MMP-2 induction.
Effect of SG on NF-kB Transcriptional Activity in RAW264.7 Cells Activation of NF-kB is a downstream event following activation of NF-kB signaling pathways induced by LPS and other inflammatory stimuli. 12) To understand the effects of SG on NF-kB activity, RAW264.7 cells were transiently transfected with a plasmid harboring four tandem copies of the NF-kB consensus sequence linked to the luciferase gene. NF-kB transcriptional activity was measured as luciferase activity with a luminometer. LPS treatment (6 h) led to a 5.5-fold increase in NF-kB reporter activity, and SG pre-treatment inhibited this increase significantly (Fig. 3) . These results indicate that SG inhibits NF-kB activation, which might block MMP-9 induction.
Effect of SG on the Inhibition of LPS-Stimulated NFkB DNA-Binding Activity To further investigate if LPSstimulated MMP-9 induction was associated with increased nuclear levels of NF-kB and if SG inhibits NF-kB DNAbinding activity, EMSA was performed with nuclear extracts of RAW264.7 cells. Nuclear extracts were obtained from LPS-induced RAW264.7 cells in the absence or presence of SG, which were further incubated with a [g-32 P]-labeled probe for the NF-kB binding site; the mixture was then separated on 4% non-denaturing polyacrylamide gel. LPS stimulation increased NF-kB binding activity, and SG significantly reduced the increased NF-kB binding activity (Fig. 4) . These results indicate that SG inhibits MMP-9 induction, at least in part via an attenuation of the DNA binding activity of NF-kB.
Effect of SG on IkB-a Degradation in LPS-Stimulated RAW264.7 Cells To understand the action mechanisms underlying the inhibition of LPS-stimulated MMP-9 induction, the effects of SG on IkB phosphorylation and degradation was investigated. Partial degradation of IkB-a was detected within 10 min, and complete degradation had occurred in less than 15 min of LPS-stimulation (Figs. 5A, B) and had partially recovered by 30 min. LPS-stimulated IkBa phosphorylation was found to be reduced by SG in a concentration-dependent manner (at 15 min). To confirm the effect of SG on the degradation of IkBa, pretreatment with SG moderately inhibited the degradation of IkBa at 30 min in a dose-dependent manner. LPS and inflammatory cytokines induced IkB phosphorylation by the IkB kinases and rapid degradation of IkB subunit by proteosomes. 25, 26) NF-kB is then released from IkB and is translocated into the nucleus. Since the NF-kB subunit p65 is a major component of NFkB activated by LPS in macrophage, the translocation of p65 to the nucleus was analyzed by Western blots. As shown in Fig. 5C , LPS-stimulated p65 level in the nuclear fraction was moderately blocked by SG. The quantity of lamin B protein as an internal control of the nuclear fraction remained unchanged. In summary, these results suggested that SG might block LPS-stimulated nuclear translocation of p65 by suppression of IkBa phosphorylation and degradation.
Effects of SG on MAP Kinase Signaling Pathways in RAW264.7 Cells LPS has been reported to increase MMP-9 production via a MAPK pathway, particularly ERK and p38 pathways, in monocytes, 27) astrocytes, 28) neutrophils.
29)
The effect of SG on the LPS-stimulated phosphorylation of ERK1/2, JNK and p-38 in RAW264.7 cells was performed to investigate if SG successfully inhibited MMP-9 induction through the MAPKs pathway. In order to further confirm the role of MAPKs pathway mostly to be involved in the inhibitory effect of SG on the LPS stimulated MMP-9 induction, the effect of MAKPs specific inhibitors such as PD98059 (ERKs inhibitor, 50 mM), SP600125 (JNK inhibitor, 25 mM) and SB203580 (p38, 30 mM) was examined. As shown in Figs. 6A-C, pretreatment of PD98059, SP600125 and SB203580 strongly inhibited the phosphorylation of ERK1/2, JNK and p-38, respectively. LPS-stimulated total cell lysates revealed increased levels of p-ERK1/2, p-JNK and p-p38 and SG inhibited the phosphorylation of these MAPKs. From the results, it was clearly demonstrated that SG potentially inhibits the phosphorylation of ERK1/2, p-38 and JNK MAPKs, therefore it was postulated that SG inhibits MMP-9 induction via MAPKs activation.
DISCUSSION
Previously, we have reported the anti-inflammatory activity of S. chinensis extracts in an OVA-sensitized murine asthma model and anti-inflammatory compounds such as meso-dihydroguaiaretic acid, 30, 31) saucerneol D, 22) and various lignans isolated from S. chinensis. 21) In our ongoing effort to determine a novel biological compounds from S. chinensis, we were successful in identifying a new lignan SG which inhibits MMP-9 induction in LPS-stimulated murine macrophage-like Raw 264.7 cells in a dose dependent manner.
MMP-9 is related to tumor cell invasion and metastasis, 32, 33) involved in the proteolytic degradation of extracellular matrix (ECM) and elastin. It is known to play an important role in the development, tissue remodeling, and inflammation. 34 ) MMP-9 is capable of regulating both the migration and proliferation of vascular smooth muscle cells, 35) and has a crucial role for cell motility. Previously, there has been published reports on NF-kB's regulatory action on MMP-9 gene expression in LPS-stimulated RAW264.7 cells. 5) As NF-kB is a key regulatory molecule in the transcriptional activation of the genes encoding MMP-9, proinflammatory cytokines, and iNOS, we therefore investigated the influence of SG on the activation of NF-kB pathway. EMSA using promoter activity studies and reporter gene analyses using the NF-kB binding sequence clearly showed that SG inhibited LPS-induced NF-kB activation (Fig. 3) and DNA binding activity (Fig. 4) . In unstimulated cells, NF-kB exists as an inactive complex bound to its inhibitor IkB in the cytosol. Upon stimulation, IkB is phosphorylated and degraded via the ubiquitination and proteosome-mediated pathway leading to nuclear translocation of NF-kB and activation of target gene expression. 36) Western blot analysis showed that SG inhibited IkB-a phosphorylation and degradation in a dose dependent manner. Western blot analyses showed that SG was successful in blocking the LPS-stimulated translocation of p65 from the cytosol to the nucleus. These results have demonstrated that the inhibition of NF-kB activity by SG is mediated via the inhibition of IkBa degradation, followed by a reduction in the translocation of p65 to the nucleus. Thus, MMP-9 induction decrease is mainly due to the NF-kB inactivation.
It is known that NF-kB and MAPKs cascades are the two important signaling pathways that are activated by LPS and mediate the LPS-stimulated proinflammatory gene expression. 12) Previous reports have shown that LPS increases MMP-9 production by activating the ERK as well as p38 kinase in monocytes, astrocytes, and neutrophils. [27] [28] [29] It was interesting to determine if the inhibitory effect of SG is restricted to NF-kB activation pathway or affects MAPKs pathways as well. To determine the latter in LPS-stimulated MMP-9 induction, RAW264.6 cells were pretreated with SG or MAPK inhibitors including PD98059, SP600125 and SB203580 for 30 min and then stimulated with LPS for 30 min. As shown in Figs. 6A-C, SG successfully inhibited LPS induction of ERK, JNK and p38 phosporylation in a dose-dependent manner. These results suggest that the inhibitory activity of SG on MMP-9 induction in the LPSstimulated RAW264.7 cells is attributed to MAPKs pathway.
In conclusion, SG dose-dependently inhibited MMP-9 induction via suppression of NF-kB activity and MAPK phosphorylation. LPS has been reported to upregulate MMP-9 production in macrophages and neutrophils, astrocytes and mast cells indicating the possible involvement of this enzyme in mediating the local infiltration of these inflammatory cells. [6] [7] [8] In addition, the NF-kB and MAPK kinases are well known to related to various inflammatory diseases including vascular atherosclerosis, invasive cell immortalization or cell migration, as they are the regulatory transcription actor and protein kinases for the COX-2 and iNOS gene expression. From the present results, it was indicated that SG may regulate the above mentioned inflammatory responses through both inactivation of NF-kB and MAPK kinases. Although the precise mechanism by which SG regulates MMP-9 induction in LPS-stimulated RAW264.7 cells is a subject of an ongoing investigation, SG isolated from this medicinal herb may be used for a potentially therapeutic drug or regulatory part with the defined drugs for MMP-9 or NF-kB and MAPK kinases-related inflammatory diseases.
